To test the hypothesis that the pericardium limits maximal oxygen consumption by limiting stroke volume and cardiac output, we studied 10 untrained dogs during submaximal and maximal exercise before and after pericardiectomy. Seven additional dogs were studied before and after a sham operation. All dogs were instrumented chronically with aortic and pulmonary artery catheters. Dogs were tested by running on a motor-driven treadmill, 4-6 times before and after pericardiectomy or sham operation. We measured cardiac output (dye dilution), heart rate, and arteriovenous oxygen difference. Oxygen consumption and stroke volume were calculated from these variables. After pericardiectomy, there were significant (P < 0.01) increases in maximal oxygen consumption, maximal cardiac output, and maximal stroke volume. Maximal oxygen consumption decreased significantly in the sham group. There was no change in maximal heart rate following pericardiectomy, or in maximal cardiac output, heart rate, or stroke volume following sham operation. Both groups of dogs experienced similar significant decreases in hematocrit, arterial and venous oxygen contents, and arteriovenous oxygen difference. Neither pericardiectomy nor sham operation had any effect on oxygen consumption during submaximal exercise. However, the sham group had significant increases in cardiac output and heart rate during submaximal exercise, and the pericardiectomy group demonstrated a trend toward an increased cardiac output during submaximal exercise. These results support the hypothesis that the pericardium limits maximal oxygen consumption by limiting stroke volume and cardiac output during maximal exercise in untrained dogs. Further, these findings suggest that maximal oxygen consumption is limited by the oxygen transport capacity of the cardiovascular system, and not by the oxidative capacity of skeletal muscle in the untrained dog. (Circ Res 58: 523-530, 1986) 
SUMMARY. To test the hypothesis that the pericardium limits maximal oxygen consumption by limiting stroke volume and cardiac output, we studied 10 untrained dogs during submaximal and maximal exercise before and after pericardiectomy. Seven additional dogs were studied before and after a sham operation. All dogs were instrumented chronically with aortic and pulmonary artery catheters. Dogs were tested by running on a motor-driven treadmill, 4-6 times before and after pericardiectomy or sham operation. We measured cardiac output (dye dilution), heart rate, and arteriovenous oxygen difference. Oxygen consumption and stroke volume were calculated from these variables. After pericardiectomy, there were significant (P < 0.01) increases in maximal oxygen consumption, maximal cardiac output, and maximal stroke volume. Maximal oxygen consumption decreased significantly in the sham group. There was no change in maximal heart rate following pericardiectomy, or in maximal cardiac output, heart rate, or stroke volume following sham operation. Both groups of dogs experienced similar significant decreases in hematocrit, arterial and venous oxygen contents, and arteriovenous oxygen difference. Neither pericardiectomy nor sham operation had any effect on oxygen consumption during submaximal exercise. However, the sham group had significant increases in cardiac output and heart rate during submaximal exercise, and the pericardiectomy group demonstrated a trend toward an increased cardiac output during submaximal exercise. These results support the hypothesis that the pericardium limits maximal oxygen consumption by limiting stroke volume and cardiac output during maximal exercise in untrained dogs. Further, these findings suggest that maximal oxygen consumption is limited by the oxygen transport capacity of the cardiovascular system, and not by the oxidative capacity of skeletal muscle in the untrained dog. (Circ Res 58: 523-530, 1986) MAXIMAL cardiac output is a major determinant of maximal oxygen uptake (Mitchell et al., 1958; Mitchell and Blomqvist, 1971) , which is an index of aerobic capacity. Both of these variables have been shown to increase in response to a program of endurance exercise training (Ekblom et al., 1968; Saltin et al., 1968; Clausen, 1977; Musch et al., 1985) . The training-induced increase in maximal cardiac output is due solely to an increase in maximal stroke volume, since maximal heart rate is unchanged or decreased by endurance training Tipton et al., 1974; Clausen, 1977) . Further, there is evidence that endurance-trained athletes have larger end-diastolic volumes than do sedentary people (Strandell, 1964; Longhurst et al., 1980; Peronnet et al., 1981) . This could provide for the increase in maximal stroke volume.
Previous studies have also shown, in various models, that the pericardium exerts a significant influence on the pressure-volume relationships of the left ventricle (Berglund et al., 1955; Hefner et al., 1961; Bartle et al., 1968; Spotnitz and Kaiser, 1971; Glantz et al., 1978; Janicki and Weber, 1980) . In essence, acutely removing the pericardium increases compliance of the heart such that, for a given intracavitary end-diastolic pressure, there is a significantly larger end-diastolic volume. More recently, it has been shown that the pericardium exerts less of a constraining effect on the left ventricle after 6 weeks of chronic volume overload, as compared to only 1 week of that stress (LeWinter and Pavelec, 1982) .
Based on this information, one might postulate that the pericardium may adapt to the increased volume load associated with endurance exercise training / and thus allow the larger end-diastolic volumes observed in endurance-trained athletes. One might also hypothesize that in an untrained individual or animal, the pericardium may constrain or limit maximal stroke volume, maximal cardiac output, and, thereby, maximal oxygen consumption. To test this hypothesis, we measured the compo-524 nents of maximal oxygen consumption and maximal cardiac output before and after pericardiectomy in untrained, mongrel dogs.
Methods
Seventeen mongrel dogs of both sexes were used in this study. Ten dogs (24.6 ± 0.9 kg) were studied before and after pericardiectomy and seven dogs (25.1 ± 0.9 kg) were studied before and after a sham operation.
Instrumentation
All 17 dogs were instrumented initially in an identical manner. Anesthesia was induced with sodium thiamylal (Surital, 35 mg/kg, iv) and was maintained with methoxyflurane (Metofane, Pitman Moore), using a veterinary anesthesia machine and ventilator (Bird, model Mark XIV). Using aseptic technique, the chest was entered through a left thoracotomy in the 4th intercostal space providing exposure to the main pulmonary artery and the descending inrrathoracic aorta. Two polyvinyl catheters (0.4 mm i.d.) were placed in the descending inrrathoracic aorta and secured to the aortic wall. A single polyvinyl catheter (0.5 mm i.d.) was placed in the main pulmonary artery approximately 1-2 cm distal to the pulmonic valve and was secured with a purse-string suture. In seven of the 10 pericardiectomy dogs, and in all of the shgm dogs, the extreme anterior and superior pericardium covering the pulmonary artery required opening for a distance not greater than 1.5 cm. After placement of the pulmonary artery catheter in these dogs, the pericardium was anatomically reapproximated by one or two interrupted simple sutures, with the pulmonary artery catheter exiting through the incision. All three catheters then were secured to each other and to the superior, lateral chest wall. The catheters were exteriorized by exiting the chest through the 2nd intercostal space and then tunneling, subplatysma, to exit on the dorsum of the neck. The chest was closed in layers, the lungs were reexpanded, and the dogs were allowed to recover. The dogs were given antibiotics (600,000 U of procaine penicillin G and 750 mg of streptomycin) prior to surgery and for 3 days postoperatively.
Exercise Test Protocols
The dogs were given 2-3 weeks to recover from surgery. During this rime, they were familiarized with running on a motor-driven treadmill. Several treadmill runs of short duration (less than 10 minutes) were performed prior to testing. The dogs were afebrile for all tests.
The first 10 dogs (six pericardiectomy, four sham) underwent graded submaximal exercise tests and separate maximal exercise tests. The submaximal test was a modification of the one described by Tipton et al. (1974) and was performed twice. The subsequent seven dogs (four pericardiectomy, three sham) performed two submaximal (8% 6.4 km/hr, 16% 6.4 km/hr) work levels prior to a maximal exercise test. The maximal exercise test was performed 2-4 times. Each exercise test was performed on a separate day. Rest values for each test were obtained with the dog standing quietly on the treadmill.
The submaximal test consisted of four levels of exercise of progressively increasing intensity. During the first stage, treadmill speed and grade were set at 6.4 km/hr and 8%, respectively. For each stage thereafter, the grade was increased by 4% so that, during the final stage, the dogs Circulation Research/Vol. 58, No. 4, April 1986 were running at 6.4 km/hr on a 20% gTade. Repeated measurements were made during the last half of minute 3, and during minute 4 of each stage, to ensure that the dogs had achieved a steady state.
The maximal exercise test consisted of setting the treadmill grade at 20-24% and increasing the speed or gTade in a stepwise fashion until there were no further changes in cardiac output or heart rate with increasing work intensity. Following a stepwise increase in exercise intensity, each dog ran for approximately 2Vz minutes, after which repeated measurements were made to ensure that a steady state had been achieved.
During each submaximal and maximal exercise test, heart rate, cardiac output, phasic and mean systemic arterial pressure, and arterial and pulmonary arterial blood gases were measured. From the measured variables, arteriovenous oxygen difference, oxygen consumption, and systemic vascular resistance were calculated.
Cardiac output was measured by the dye-dilution technique. One milliliter of indocyanine green dye was injected as a bolus into the pulmonary artery. Aortic blood was sampled at a constant rate and drawn through a Waters densitometer (model DC10). Cardiac output was calculated and recorded by a Waters cardiac output computer (model CO-10R). There were from three to eight measurements of cardiac output performed at each workload, each day, for each dog. Curves that had a stable baseline were considered satisfactory and averaged. This average value was then used as the cardiac output for that particular workload. The manufacturer calculates the error of this method at ±10%. A previous study from this laboratory (Ordway et al., 1984) compared the stroke volumes obtained by dye dilution to those obtained by the bead and clip technique (Mitchell et al., 1969) and found identical values with both methods. Further, recently we have compared cardiac output obtained with the dye dilution technique to those obtained by radioactive microsphere technique (unpublished observations). There was no difference between the cardiac outputs obtained using these techniques.
Systemic and mean arterial pressure were measured with a Statham pressure transducer (model P23ID) held at the level of the dog's heart and recorded on a Hewlett-Packard thermal stylus oscillograph (model 7754B). Heart rate during-cardiac output measurements was determined from the systemic arterial pressure tracing.
Arterial a.nd mixed venous blood samples were drawn anaerobically'and iced immediately after completion of the cardiac output measurements. Blood gas analysis was performed on a Radiometer model ABL-3. Hematocrit was determined" on both arterial and venous blood. . Oxygen consumption was calculated by the Fick equation as the product of cardiac output and arteriovenous oxygen difference. Stroke volume was calculated by dividing cardiac output by the concomitantly measured heart rate. Systemic vascular resistance was calculated by dividing mean arterial pressure by cardiac output.
Surgical Intervention
After reproducible submaximal and maximal exercise values were obtained, each dog underwent either a partial pericardiectomy (Fig. 1) or a sham operation. For the pericardiectomy, the chest was entered through a right thoracotomy in the 4th intercostal space. The lungs were retracted and the pericardium removed from the right phrenic nerve ventrally to the sternum to include 45-50% of the total pericardium. The remainder of the pericardium was pushed back into the left chest so that the heart was not even partially contained by the pericardium. The wound was closed in routine fashion. For the sham operation, the surgical procedure consisted of opening the chest in the same manner as for the pericardiectomy, retracting the lungs, picking up the pericardium, and then closing the wound.
Two to 3 weeks after pericardiectomy or sham operation, each dog repeated the submaximal and maximal exercise tests. The test protocols and measurements were identical to those that were performed during the initial test protocol.
Necropsies
All dogs were killed on completion of the study. An overdose of sodium thiamylal (Surital, 100 mg/kg body weight) was administered intravenously. Following loss of corneal reflexes and breathing, a large bolus of supersaturated potassium chloride was administered intravenously. Death was indicated by the absence of pulse and heart tones. Seven (4 P, 3 S) of the 17 dogs were examined immediately postmortem. The chest was opened. Adhesions were noted between the chest wall and the lungs on both sides and between the lungs and the aorta and rostral pericardium in the left thorax where the catheters had been placed. In no dog were there adhesions between the myocardium and lungs or the remaining pericardium.
Statistics
Averaged data for each variable at each workload, for each dog, each day were subjected to a repeated measures analysis of variance (ANOVA). The Srudent-Newman-Keuls multiple comparison method was used to detect significant differences and any significant interaction at each exercise level for the stated conditions (pre-pericardiectomy, post-pericardiectomy, pre-sham, post-sham). Significance was set at the P < 0.01 level. 
Results
Pericardiectomy resulted in significant increases in maximal oxygen consumption, maximal cardiac output, and maximal stroke volume; however there was no change in maximal heart rate (Table 1; Fig.  2 ). Additionally, since mean arterial pressure during maximal exercise was unaffected by removal of the pericardium, there was a significant decrease in calculated systemic vascular resistance during this stress from pre-to post-pericardiectomy (Table 1 ; Fig. 5 ). However, the interaction statistic had a value of P < 0.028 for this comparison which did not reach the P < 0.01 criteria we had set; therefore, in this instance, Table 1 is marked with P < 0.05.
In contrast, the sham operation resulted in a significant decrease in maximal oxygen consumption, but had no effect on maximal cardiac output, maximal stroke volume, or maximal heart rate (Table 1 ; Fig. 3 ). Although mean arterial pressure during maximal exercise tended to decrease after the sham operation, calculated systemic vascular resistance did not change significantly (Table 1; Fig. 5 ).
Oxygen consumption during submaximal exercise was unaffected by pericardiectomy or the sham operation (Table 1; Figs. 2 and 3 ). There were, however, significant increases in cardiac output and heart rate during submaximal exercise following the sham operation (Table 1; Fig. 3 ).
After surgical intervention (pericardiectomy or sham operation), there were decreases in hematocrit, arterial and venous oxygen contents, and arteriovenous oxygen difference at rest and during submaximal and maximal exercise (Table 1; Fig. 4) . Body weights were similar before and after pericardiectomy (24.6 ± 0.9 vs. 24.2 ± 0.9 kg) or the sham operation (25.1 ± 1.3 vs. 25.0 ± 1.5 kg).
Discussion
The components that determine oxygen uptake may be divided into oxygen transport or central factors and oxygen utilization or peripheral factors. Which of these components, central or peripheral, are limiting is controversial (Saltin and Rowell, 1980) . Those favoring central factors point to two lines of research to substantiate their opinion. The first includes experiments that determine maximal oxygen uptake utilizing different amounts of muscle mass (Bergh et al., 1976; Secher et al., 1977) . It is Max apparent, in these studies, that one group of muscles, the leg for example, obtains more blood flow when performing exercise alone than it does when performing exercise in conjunction with the other leg or the arms and legs in combination. Since there was no change in peripheral factors in the leg, it is concluded that blood flow or oxygen delivery or the central circulation is limiting. The other line of evidence demonstrates that by increasing the atmospheric oxygen artificially (Margaria et al., 1961; Fagreaus et al., 1973) or increasing oxygen-carrying capacity by autotransfusion (Ekblom et al., 1972) , one can achieve higher oxygen uptakes. These studies suggest that by improving oxygen transport one can extract and utilize more oxygen in the skeletal muscle, and therefore the central components are the main limitation to maximal oxygen uptake. Our results likewise demonstrate that by removing the pericardium, one can increase maximal oxygen uptake and maximal cardiac output. Therefore, the pericardium can be thought to be a limitation to maximal oxygen uptake in the untrained state and, since it is clearly a central component, the hypothesis of a central limitation to maximal oxygen uptake in the untrained state is reinforced.
Stray-Gundersen et a/./Pericardiectomy and Maximal Oxygen Consumption
Maximal oxygen consumption increased in the pericardiectomy group and decreased in the shamoperated group. However, the changes in maximal oxygen consumption did not match the changes in the maximal cardiac output in either group. This disparity was due to a reduced oxygen-carrying capacity of the blood or to the inability of the periphery to extract the oxygen made available. All dogs experienced a drop in hematocrit, which produced a marked decrease in arterial oxygen content. Venous oxygen content also decreased, however, suggesting that active tissue was not limited in its ability to extract oxygen that was made available. Therefore, the disparity between oxygen uptake and cardiac output is most likely due to the decreased hematocrit. Further, the disparity is entirely eliminated by assuming the same arteriovenous oxygen difference and hematocrit in the postoperative dogs as was found in the preoperative dogs and calculating oxygen uptake on that basis.
Maximal heart rate was unchanged by pericar- Pft Max diectomy. Therefore, the increase in cardiac output in the pericardiectomy group was brought about entirely by an increase in maximal stroke volume. Stroke volume is determined both by end-diastolic volume and by end-systolic volume. From the results of our experiment, we are unable to determine if the increase in stroke volume was due to an increase in end-diastolic volume, a decrease in endsystolic volume, or a combination of both these variables.
End-diastolic volume, which is related to myocardial fiber length, is determined by the filling pressure of the ventricle and, as pointed out by Glantz et al. (1978) , by myocardial and pericardial compliance. In studies done on anesthetized preparations, filling pressure is decreased following pericardiectomy (Spotnitz and Kaiser, 1971; Janicki and Weber, 1980) . Further, there is considerable evidence that pericardiectomy, at least acutely, increases ventricular compliance (Hefner et al., 1961; Janicki and Weber, 1980) . Therefore, it would appear that the effect of pericardiectomy is to increase ventricular compliance and to allow a larger end-diastolic volume (Berglund et al., 1955; Bartle et al., 1968; Spotnitz and Kaiser, 1971 ). This increased preload would then, by the Frank-Starling mechanism, produce a greater stroke volume. This, in turn, could produce the increase in maximal cardiac output achieved in the present study.
End-systolic volume is a function of contractility of the ventricle and afterload (Mitchell and Wildenthal, 1972; Grossman et al., 1977) . Misbach and Glantz (1979) have demonstrated that there is no increase in ventricular contractility after pericardiectomy. Afterload (the integral of left ventricular wall tension) or resistance to blood flow is difficult to determine. Although mean arterial pressure was unchanged in the present study, systemic vascular resistance was decreased. In our study, it was not determined whether end-systolic volume decreases more during maximal exercise after pericardiectomy.
One measure that might provide data pertinent to Systemic vascular resistance  (SVR) at rest, and during submaximal and  maximal exercise, pre-and post-pencardiectomy or sham operation. * P < 0.01 some of these variables is left atrial pressure. However, to open the pericardium to place a catheter in the left atrium would require considerable manipulation of the pericardium. In this regard, Stokland et al. (1980) and Spadaro et al. (1981) have shown that opening and then closing the pericardium with sutures produces more limitation than the original pericardium. Further, our original question was, simply, whether pericardiectomy can acutely increase maximal cardiac output and maximal oxygen consumption in untrained dogs. For these reasons, left atrial catheters were not used in this study. The decreased hematocrit that was observed in the present study (see Table 1 , Fig. 5 ) could be due to one or more of a number of factors. These include:
(1) the catabolic effects of two major thoracotomies;
(2) the presence of chronic indwelling catheters causing micro-clotting and hemolysis; (3) blood loss associated with the numerous blood samples drawn on each animal; and, (4) hemolysis caused by withdrawing and reinfusing blood during experiments. Both the sham-operated and the pericardiectomy dogs showed identical decreases in hematocrit, but only the pericardiectomy group showed an increase in maximal cardiac output. Therefore, the decreased hematocrit was not the cause of the increased cardiac output observed in the pericardiectomy group. Further, during submaximal work, both groups tended to increase their cardiac output to deliver the required oxygen which is the typical response to a decreased hematocrit.
The fact that calculated systemic vascular resistance during maximal exercise decreased following pericardiectomy (Table 1) in the present study is of interest. One possibility that might explain this acute change in resistance is that receptors located in the atria or ventricles, and which transmit their signals via myelinated and unmyelinated vagal afferents, may have been stimulated to increase their discharge rate following pericardiectomy. Afferents of this type have been shown to increase their activity in response to an increase in end-diastolic pressure and volume (Thoren, 1976; Thames et al., 1977; Gupta and Thames, 1983) . Further, the increased discharge rate of these afferents has been shown to cause a decrease in efferent sympathetic renal nerve activity (Linden et al., 1980) . Therefore, it appears possible that larger end-diastolic volumes following pericardiectomy could stimulate atrial or ventricular receptors to produce a reflex vasodilation in skeletal muscle beds that would decrease systemic vascular resistance. Confirmation of this mechanism awaits further studies.
The increases in maximal cardiac output and maximal stroke volume observed after pericardiectomy are similar to those observed during maximal exercise following dynamic exercise training (Astrand and Rodahl, 1970; Tipton et al., 1974; Clausen, 1977; Blomqvist and Saltin, 1983) . In addition, LeWinter and Pavelec (1982) demonstrated that pericardiectomy produced a greater end-diastolic volume for a given end-diastolic pressure in dogs with recent (1 week) aortocaval fistulas; however, after 6 weeks of chronic volume overload, pericardiectomy did not alter the pressure-volume curve. Further, Freeman and LeWinter (1984) recently demonstrated an increase in size and mass of the pericardium in response to a chronic atrioventricular fistula. They discount 'creep' or stretching of the pericardiectomy as the mechanism. This suggests that pericardial growth may account for the increase in pericardial size and mass. Lee et al. (1985) , using the same model, demonstrated a shift to the right in the pericardial tension stretch curve (more compliant with the same thickness and viscoelastic qualities). The results suggest that a possible adaptation to dynamic exercise training may be growth of the pericardium. Whether pericardiectomy subsequent to exercise training will further increase maximal oxygen consumption and maximal cardiac output beyond the increases obtained by training remains to be seen.
In summary, removing the pericardium acutely causes: (1) an increase in maximal oxygen consumption, maximal cardiac output, and maximal stroke volume in untrained dogs; and, (2) a decrease in systemic vascular resistance during maximal exercise while the dog maintains mean arterial pressure. This study lends support to the concept that oxygen transport is the limiting component to maximal oxygen uptake, since the skeletal muscle was unchanged by pericardiectomy and maximal oxygen uptake was significantly increased.
